An experimental computer program capable of reformatting stored display data from a CT scanner into true cross-sectional images of the spine has been clinically tested over a 1 year period. With this program, tomographic planes exactly parallel to the vertebral end plate can be imaged at the lumbosacral level even in patients who are markedly rotated or have scoliotic deformities. The reformatted image planes are tilted in the dorsoventral and mediolateral directions to compensate for lordosis or scoliosis. The reformatting can also produce images in coronal and sagittal planes on axes other than true horizontal or vertical. The program has been used in the examination of 269 spines and has been found to be valuable in demonstrating the spinal canal and the intervertebral foramina.
The computed axial tomogram should be the ideal instrument for the examination of the spine, particularly for the evaluation of the size and shape of the spinal canal and the intervertebral disc. However, several technical limitations have hindered its completely successful application and, in a recent report by Mankin and Teng [1] , preoperative evaluation of the spinal canal by CT was described as unreliable compared with the myelogram .
One of the problems with CT examination of the spine has been the inability to determine the exact position of an axial image within the spine. The placement of radiopaque catheters of graduated length on the patient's skin and correlating the number of catheters seen in the cross section on the CT image with the number of catheters at a specific level seen on the preliminary radiograph provided a useful but somewhat awkward soluti on to the problem of localization [2] [3] [4] .
A better solution is the digital projection radiograph (GE-Scout View) that can be viewed on the CT monitor. An electronically generated line can be precisely located on the digital radiograph and the CT scanner can be programmed to obtain an axial image at that level [5] .
Excessive thickness of the tomographic section has also been a problem, since small abno rm alities become lost in the summation of data from a thick slice [6] [7] [8] . The recent availability of 1.5-2.0 mm scan collimation has surmounted this obstacle.
A further problem has been the inability to align the plane of the cross section at right angles to the long axis of the spinal canal or parallel to the vertebral end plate [9] . This problem is overcome in the upper four-fifths of the lumbar sp ine by tilting the gantry. The digital radiograph can then be used to determine the desired angle of gantry tilt for each axial slice. Unfortunately, the tilt has been insufficient to enable the plane to become parallel to the lumbosacral disc (L5-S1) in more than 96% of the patients in this series. Many patients also have lateral curvatures (scoliosis) and there is no mechanical means of making the scan plane parallel to the laterally tilted vertebrae.
These problems of tilt have been addressed by a computer program that allows stored display data from adjacent, nonoverl apping tomographic sec tion s to be reformatted into planes different from th ose origi nally set with the gantry. The app lication of similar techniques was repo rted by Lancourt et al. [10] and Glenn et al. [11] . With th is program, the image plane can be tilted in the coronal and sagittal planes, and the entire pl ane can be rotated . A tomographic plane exactly parallel to th e vertebral end plate can be se lected to show an undistorted cross section of the sp inal canal or the intervertebral disc.
An axial slice th at is not at right ang les to the neural canal can give th e false impression of a disc extruding into the neural canal. This is particularly true at L4-L5 and L5-S1 , when the projected image inc lud es the posterior margin of the intervertebral disc ( fig . 1) . However, what appears to be a soft-tissue density disappears when the image is reformatted to be perpendicular to the spinal canal and paralle l to the intervertebral disc space. It is also affected by number of slices and whether they are isolated or contiguou s. X-ray kilovoltage and amperage are also contributin g factors. All doses were calculated assum ing 120 kV at 760 mAs. With all technical factors remaining co nstanl, narrowing slice w idth lowers peak skin dose. 
Materials and Methods
All 269 scans were performed with a GE CT I T 8800 . A 25 cm algorithm was used for detai l. Scanning detail s were: speed, 9 .6 sec; 120 kVp ; 760 mAs; and 1.5-or 5-mm-thick slices .
Th e pati ent is placed supine on th e table . Th e hips are fl exed and the knees supported with pillows to redu ce the lumbar lordotic curves. Th e patient' s hands are placed on th e c hest or und er th e head. A lateral digital radiograph is taken and used to determine necessary gantry angu lation and scan positions. Th en, 1.5-mmthi ck axial scans are tak en parallel to the individual vertebral bod ies and th e intervertebral disc spaces.
If th e inclination of any intervertebral bod y or disc space exceeds the limitations of gantry tilt ( fig . 2 ), or wh en there is a lateral vertebral tilt, that region is scanned with th e gantry in a neutral (ve rtical) position in preparation for later image reformatting . Axial slices 5 mm thick are taken at 5 mm intervals (fi g. 3). Scans are not ove rl apped . About six sl ices are adequate for examinati on of L5-S1 , or 10 slices for L4-S1. The examination takes about 30 min. At this point th e patient may leave, and the image can be form atted later.
Overlapping 5 mm sections at 2.5 mm intervals improves image quality; however, this has th e undesirable effects of both higher patient radiation dose and a lengthier examin ation period. Slices 1.5 mm thi ck each taken at 2 mm intervals seem promi sing for future evaluation , as it would reduce patient radiation (fig . 4) . c A reform atted im age plane with dorsoventral tilt is genera ted as follows. Th e reform atting program is in voked and th e computer instru cted to display several (up to four) of th e ax ial sli ces from th e origin al stud y. Usin g a trackball positioned c ursor, a lin e is d rawn on one of th e images in a tru e sag ittal pl ane in th e patient' s spine. Th e eq ui valent lin e appears on all th e displayed im ages. Th e computer program is th en in stru cted to reform at th e stored display data into the sag ittal plane wh ic h in cludes th e electroni c line and is also perpendicular to th e ax ial pl ane. Nex t, a second line is elec troni ca ll y drawn on th e sag ittal im age throug h th e disc space to be examined ( fig . 5) , and th e computer program is in stru cted to refo rm at th e stored d ispl ay data into the pl ane wh ic h is both perpendicular to th e tru e sag ittal image and also includes th e new elec troni c line. Med iolaterall y ti lted im age planes are defined in a similar manner. Th e second reform attin g operati on is ca rri ed out by defining a line on a tru e coronal image.
Coron al, sag ittal, or oblique im age plan es ca n be speci fied to th e computer program by either of two techniques. Th e startin g point for both is th e simultaneous display of three axial imag es. In one techn ique, the trac kball c ursor is used to define three points, one in each of the three axial images. Th ese three points are mathematicall y suffic ient to defin e a pl ane . For the second technique, a point and a line are respective ly defin ed in two of th e ax ial images in planes defined by ei th er tech nique .
Th e reformatted image is of operator-selectable thi ckness in th e AJNR :1, November / December 1980 A B c ra nge 1 -250 pixels (pixel size is 0.8 mm). All computations are performed using the computer system suppli ed with the sca nner. Reformatting multiplanar images is done while " off-line" because the reconstruction process cannot be performed while patients are being scanned . The procedu re is performed by th e physician without assistance from the techno logist. The time required to reformat the images varies with the thickness of th e desired reformatted image , and with the number of rotated or tilted reformatted planes. A simple nontilted coronal or sagittal plane th at is one pixel thick takes about 10 to 15 sec of computer time. Tilting the image in one plane increases computer time to about 20 sec while biplane tilt takes abou t 30 sec. Inc reasing the width of the reformatted image to 2 pixels doubles the time necessary for th e reconstruction . Further increase in pixel width proportionately increases recon- reformatted axial image at L5-S1 seems to be adequate for a total spine study. The reconstruction ti me with doctors' input is about 5-7 min . The reformattting is done immediately after the scan, or if time does not permit, at the next break or at the end of the day. The total time for scanning , reformatting , and filming is about 30 min.
Representative Case Reports
Five c linical cases are presented to sh ow how the biplane tilt and ang le reform attin g has been useful in practice. 
Case 1
A 32-year-old woman had bilateral Harrington rods placed from 05 to L2 on the left , and from 07 to L4 on th e right to correct a lumbar scoliosis. After the procedure, low back pain developed and it was discovered by standard radiographs that the right Harrington rod had broken through the posterior lamina of L4 . The rod responsible for the fracture was then surgically removed, but the localized low back pain persisted at the L4 level. Myelograms were suggestive but not conclusive for an extradural defect at L4 (fig. 6A) , and the patient was referred for a CT scan . The patient's scoliosis and pain prevented her from lying flat on the table. Computed tomography with axial slices ( fig . 68 ) and sagittal reformatting showed that there was a bone fracture of the lamina of L4 which was displaced into the neural canal. Reformatting with mediolateral and dorsoventral tilt was necessary to best visualize the neural canal and bone fragments without distortion ( fig. 6C ).
Case 2
A 38-year-old man with an old spinal fusion and persistent back pain was referred for CT evaluation. The examination was to ascertain whether the fusion was solid and / or whether there was another cause for his persistent neuralgia. Dorsoventral reformatting was done in order to correct for the lumbar lordosis . The reformatted images showed that the fusion was solid. They also demonstrated a bone spur arising from the spinal fusion projecting into the neural canal. Th e spur was displacing and deviatin g th e dural sac and the neural roots ( fig. 7) .
Case 3
A 47-year-old man with a spin al fusion from L3 to S 1, and persistent back pain after surgery was referred for CT evalu ati on. The autograft was identified on th e axial sli ces, but it coul d not be determined wh eth er the fu sion was solid. Th ere was evidence of a mild spinal stenosis secondary to facet joint hypertrophy. Without rescanning, th e area of the spin al fu sion was reformatted and th e coronal plane was displayed . Th e coronal plan e vi ew permits visualization of th e entire area of spin al fusion on one plan e, permitting distinction between undulati on of th e fu sion bone and gaps indicating non fusion . Th e posterior and lateral elements from L3 to S1 were examin ed by tilting the coronal plan e in th e dorsoventral direction to compensate for lord osis. Th e coronal reformattting demonstrated th at th ere was a disruption of th e fu sion at both th e L3-L4 and L4-L5 levels ( fig. 8A ). Oblique refo rm atting confirmed the diagnosis (figs. 88 and 8C).
Case 4
A 44-year-old man with left sciatic nerve pain was suspected to have a herniated disc. The CT study with axial slices showed th at there was degeneration of the L4-L5 disc and hern iation of th e nucleus pulposus on the left side at L5-S1 ( fig . 9A ). Using lateral tilt and dorsoventral angulation, the initial study was reformatted in the coronal plane. The reformatted image showed a soft-tissue mass at the intervertebral disc space whi ch obliterated th e nerve roots on the left at L5-S1 . Alth ough th e diag nosis was possible on the axial projections, the ability to see the lesion in two pl anes made the diagnosis more secu re ( fig . 98 ).
Case 5
A 49-year-old man was referred for CT evalu ation of low back pain . Axial slices suggested an extruded disc at the L5-S1 (fig s.  10A and 10B ). Reform atting a tru e ax ial plane through the L5-S1 interve rtebral disc space showed th at th e dural sac was normal and th at there was no evidence of a herni ated disc ( fig . 10C ).
Discussion
Until recently , CT of the spine, especially in the lumbar region, has been limited in its usefulness by uncertainty about the exact location of an axial slice in the spine , the inability to angle the scanning gantry perpendicular to the long axis of the neural canal , the partial-volume effects with thick slices, and the difficulties encountered in patients with a scoliosis or lumbar lordosis. Digital radiography allows proper positioning . A new c omputer program permits reformatting of images in mediolateral tilt plus dorsoventral tilt and also reformatting of axial images through areas that exceed the mechanical limitations of gantry tilt.
These reformatting procedures have been found invaluable in the examination of selected patients with low back complaints. It has aided the diagnosis of disorders of lumbar Soft -tissue shadow is not bu lging annu lus fibrosu s or herniated disc, but is ca used by misali gnment of ax ial plane with vert ebral end plate. C, Reformatt d true ax ial image through LS-S 1 intervert ebral disc space ind ic ates that th ere is no soft-ti ssue defect.
spine , including spinal stenosis and disc disease, as well as the evaluation of spinal fusion. It has been particularly useful for those patients who are markedly rotated or have scoliotic deformities .
